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We investigated an out-of-plane exchange bias system that is based on the antiferromagnet MnN. Polycrystalline,
highly textured film stacks of Ta / MnN / CoFeB / MgO / Ta were grown on SiOx by (reactive) magnetron
sputtering and studied by x-ray diffraction and Kerr magnetometry. Nontrivial modifications of the exchange
bias and the perpendicular magnetic anisotropy were observed both as functions of film thicknesses as well
as field cooling temperatures. In optimized film stacks, a giant perpendicular exchange bias of 3600 Oe and
a coercive field of 350 Oe were observed at room temperature. The effective interfacial exchange energy is
estimated to be Jeff = 0.24 mJ/m
2 and the effective uniaxial anisotropy constant of the antiferromagnet is
Keff = 24 kJ/m
3. The maximum effective perpendicular anisotropy field of the CoFeB layer is Hani = 3400 Oe.
These values are larger than any previously reported values. These results possibly open a route to magnetically
stable, exchange biased perpendicularly magnetized spin valves.
Spin electronics allows to realize nonvolatile fast low-
power computer memory and is well established in hard
disk drive read heads and magnetic sensors.1,2 The key
component in spin electronic devices, a magnetoresistive
element using either giant magnetoresistance (GMR) or
tunnel magnetoresistance (TMR), is composed of two
magnetic films: a free sense layer and a fixed reference
layer. The magnetization of the ferromagnetic free layer
follows external magnetic fields or can be switched by a
current via the spin transfer torque. The reference layer
has to be stable against external fields to allow for different
magnetic alignments of the two layers, which give rise to
the magnetoresistance. The reference layer is typically
created by pinning a thin ferromagnetic (FM) film to
an antiferromagnetic (AFM) film via the exchange bias
(EB) effect.3–9 In a typical device, the magnetic hysteresis
loop of the reference layer is shifted by the exchange bias
to fields that are not encountered during normal device
operation.
Thin films with perpendicular magnetic anisotropy
(PMA) are of great interest for spintronic devices. The
tunable anisotropy energy allows to enhance the ther-
mal stability of the magnetization and lower critical
current densities for the spin-transfer torque switch-
ing are achievable as compared to in-plane magnetized
systems.10–12 Thus, interest in systems showing perpen-
dicular EB (PEB) increased as well. There are several
studies about (Co/Pt)n and (Co/Pd)n multilayer sys-
tems coupled with an AFM such as IrMn or FeMn.13–17
However, the reported perpendicular exchange bias field
values Heb are similar to the coercive field Hc, making
these systems not attractive for practical applications that
require Heb  Hc. Chen et al. investigated CoFe/IrMn
bilayers with ultrathin CoFe yielding PEB values up to
1000 Oe at room temperature (RT).18 Moreover, Zhang
et al. observed large PEB up to 1145 Oe in CoFeB/MgO
systems pinned by MnIr,19 which are the highest reported
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values in PEB systems up to now.
In the present article, we report on an exchange bias
system that is based on antiferromagnetic MnN. It crys-
tallizes in the θ-phase of the Mn-N phase diagram,20
which crystallizes in the tetragonal variant of the NaCl
structure with a = 4.256 A˚ and c = 4.189 A˚ at room
temperature where the precise numbers depend on the
N content in the material. With increasing nitrogen con-
tent, larger lattice constants are observed.21–23 The Ne´el
temperature of MnN is about 660 K;23 the magnetic tran-
sition is accompanied by a tetragonal-to-cubic structural
transformation.20 The magnetic order of the material was
investigated with neutron powder diffraction and by first-
principles calculations.23–25 It was found to be collinear
of AFM-I type, i.e., with the magnetic moments coupled
parallel within the ab planes and alternating along the c
direction. The spin orientation is under debate; Leinewe-
ber et al. found it to be along the c direction just below
the Ne´el temperature, whereas it would tilt slightly away
from the c axis at a lower temperature.23 Instead, Suzuki
et al. found the spin direction to be in the ab planes.24
An important difference between these experiments lies in
the preparation procedures, that led to a slightly nitrogen-
poor θ-MnN in the first case, whereas the θ-MnN was
saturated in the second case, which is also reflected by the
larger lattice constants in the latter case. We therefore
propose that the data measured by Suzuki et al. reflect
the intrinsic properties of the stoichiometric θ-MnN phase.
In both cases, the Mn magnetic moments were found to
be 3.3 µB at room temperature.
In a recent article, we reported on in-plane exchange
bias in Ta / MnN / CoFe / TaOx grown on thermally ox-
idized Si substrates.27 Large exchange bias up to 1800 Oe
at room temperature was observed with an effective in-
terfacial exchange energy of Jeff = tCoFeMCoFeµ0Heb =
0.41 mJ/m2, an effective uniaxial anisotropy constant of
Keff = Jeff/tcrit = 37 kJ/m
3, and a median blocking tem-
perature of 160◦C. Here, we go beyond our previous report
by using ultrathin CoFeB as the ferromagnet to obtain a
perpendicular magnetization and investigate the perpen-
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FIG. 1. X-ray diffraction spectrum of a Ta 10 nm/MnN
30 nm/CoFeB 0.65 nm/MgO 2 nm/Ta 0.5 nm/Ta2O5 2 nm film
annealed at 375◦C for 15 minutes.
dicular exchange bias. We prepared film stacks of Ta 10
nm / MnN tMnN / Co40Fe40B20 tCoFeB / MgO 2 nm / Ta
0.5 nm / Ta2O5 2 nm on thermally oxidized Si wafers by
(reactive) dc magnetron sputtering at room temperature.
We followed exactly the same preparation procedure as in
our previous report. The base pressure of the system was
around 5× 10−9 mbar prior to the deposition runs. The
MnN films were sputtered from an elemental Mn target
in a mixed Ar and N2 atmosphere with various working
pressures and partial pressure ratios. Optimization of the
deposition parameters with respect to the exchange bias
yielded a 50:50 N2:Ar mixture at p = 2.3× 10−3 mbar
as the best deposition condition. The typical deposition
rate of MnN was 0.1 nm/s at a source power of 50 W.
Subsequent post-annealing and field cooling in a magnetic
field of HFC = 6.5 kOe perpendicular to the film plane
was performed in a vacuum furnace. Magnetic charac-
terization of the stacks was performed using the polar
and longitudinal magneto-optical Kerr effect (MOKE) at
room temperature. Structural and film thickness analyses
were performed with a Philips X’Pert Pro MPD, which is
equipped with a Cu source and Bragg-Brentano optics.
To verify the growth of the θ-phase of MnN we per-
formed x-ray diffraction analysis of MnN films with vary-
ing film thicknesses and annealing conditions. In Figure
1 a typical x-ray diffraction spectrum of the Ta / MnN /
CoFeB / MgO stacks is shown. All peaks are identified
as belonging to the substrate, to the β-Ta seed layer,
or to the MnN film. The lattice constant of MnN after
annealing is 4.21 A˚, which is slightly larger than the bulk
values reported in the literature. No other phases are ob-
served, and the lattice constant is too large to identify the
structure as the cubic -Mn4N or the tetragonal η-M3N2
phase26. The measurements revealed a polycrystalline,
columnar growth of the MnN in (001) direction. A de-
tailed structural characterization of the MnN is reported
in our previous article.27
In Figure 2(a) we show a perpendicular magnetic hys-
teresis loop of an optimized MnN / CoFeB / MgO stack
with tMnN = 35 nm and tCoFeB = 0.65 nm. The def-
initions of the exchange bias field Heb and the coer-
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FIG. 2. (a) Normalized polar MOKE loop detected with the
magnetic field perpendicular to the sample plane for a film
with tMnN = 35 nm and tCoFeB = 0.65 nm. (b) Dependence
of Heb and Hc on the CoFeB thickness for tMnN = 30 nm.
(c) Dependence of dθnormk /dH|H=Heb on the CoFeB thickness
for tMnN = 30 nm. (d) Dependence of Heb and Hc on the
MnN thickness for tCoFeB = 0.65 nm. (e) The dependence of
dθnormk /dH|H=Heb on the MnN thickness for tCoFeB = 0.65 nm.
The samples were annealed at 375◦C for 15 minutes. Dashed
lines are guide to the eye.
cive field Hc are indicated by arrows. Additionally, the
derivative of the normalized Kerr rotation dθnormk /dH
at H = Heb is indicated in the figure. We use this
quantity as a simple and quick estimate of the PMA,
which we later demonstrate to be valid. The loop shows
high exchange bias and a reasonably low coercive field
with dθnormk /dH|H=Heb ≈ 10−3 Oe−1. The FM is almost
saturated at zero external field. In the following we
discuss the variation of the film thicknesses and post-
annealing conditions for the MnN/CoFeB/MgO stacks to
maximize the exchange bias field as well as the deriva-
tive dθnormk /dH|H=Heb and simultaneously minimize the
coercive field of the CoFeB. All denoted exchange bias
values are determined under consideration of the train-
ing effect, which only occurs for small MnN thicknesses
tMnN < 15 nm.
Figure 2(b) displays the variation of the exchange bias
field Heb and the coercive field Hc with the CoFeB thick-
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FIG. 3. (a) Dependence of Heb and Hc on the annealing
temperature for MnN thicknesses of tMnN = 25, 30, 35, 40 nm.
The CoFeB thickness was tCoFeB = 0.65 nm. The samples were
successively annealed for 60 minutes. (b) Corresponding polar
MOKE loops detected with the magnetic field perpendicular
to the sample plane for a film with tMnN = 30 nm annealed at
225◦C and a film with tMnN = 35 nm annealed at 350◦C.
ness tCoFeB. For the CoFeB thickness variation a weak
maximum of Heb was observed at tCoFeB = 0.65 nm. The
derivative dθnormk /dH|H=Heb exhibits a sharp maximum
for this CoFeB thickness, as can be seen in Figure 2(c).
Because of that, tCoFeB = 0.65 nm was fixed for the follow-
ing investigations. The variation of Heb and Hc with tMnN
is shown in Figure 2(d). For all thicknesses tMnN ≥ 15 nm
the exchange bias field is larger than the coercive field
which is important for the potential integration into mag-
netic devices. The coercive field Hc lies between 250 and
400 Oe following no specific behavior. The critical thick-
ness of the MnN tcrit for the onset of exchange bias is
about 10 nm and the maximum exchange bias is found
at tMnN = 30 nm. Thus, the MnN thickness dependence
of Heb resembles very closely the previously reported
in-plane case with the same critical thickness and the
same thickness for the maximum exchange bias. A very
similar film thickness dependence can be observed for the
derivative dθnormk /dH|H=Heb , cf. Figure 2(e). This gives
direct evidence for the intimate link between exchange
bias and magnetocrystalline anisotropy and demonstrates
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FIG. 4. (a) Longitudinal MOKE setup geometry with the
magnetic field in the sample plane. The anisotropy field is
assumed to point out of the sample plane. (b) Symmetric
and antisymmetric component of the detected MOKE data.
Due to the difference in amplitude, the antisymmetric data
are multiplied by a factor of five. (c) Normalized, symmetric
MOKE component with the corresponding fit function yielding
an anisotropy field of Hani = (2468±21) Oe. The film thickness
is tMnN = 30 nm and the annealing temperature TA = 300
◦C.
that the anisotropy of the antiferromagnet provides a
significant contribution to the total PMA of the stack.9
In the following we will focus on the samples with large
Heb and large PMA, i.e., tMnN ≥ 25 nm.
In Figure 3(a) we show the annealing temperature
dependence of the exchange bias and the coercive field
for MnN thicknesses tMnN = 25, 30, 35, 40 nm. In all
cases, the coercive field does not change significantly with
the annealing temperature. In contrast, the exchange
bias shows a strong dependence on the the annealing
temperature. For all thicknesses, the maximum exchange
bias is observed for annealing temperatures around 225◦C,
yielding giant values up to 3600 Oe for tMnN = 30 nm.
Exchange bias of more than 3000 Oe can be obtained for
all thicknesses. For higher annealing temperatures the
exchange bias decreases rapidly for thicknesses of tMnN =
25, 30 nm. For larger film thicknesses, this decrease at high
annealing temperature is less pronounced and apparently
the maximum temperature which still provides exchange
bias is increased at larger film thickness. This is probably
related to nitrogen diffusion into the Ta buffer layer, which
degrades the MnN at high annealing temperature. Two
corresponding hysteresis loops are shown in Figure 3(b).
Taking the previous results together, we can estimate
the maximum effective interfacial exchange coupling en-
ergy Jeff = tCoFeBMsµ0Heb and the effective uniaxial
anisotropy constant Keff = Jeff/tcrit. We consider the
typical saturation magnetization of CoFeB as Ms =
1000 kA/m. At tCoFeB = 0.65 nm we obtain a maximum
exchange bias field of Heb = 3600 Oe, so the maximum
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FIG. 5. Dependence of the anisotropy field (left axis) and
the derivative dθnormk /dH|H=Heb (right axis) on the annealing
temperature for MnN thicknesses of tMnN = 25, 30, 35, 40 nm.
The CoFeB thickness was tCoFeB = 0.65 nm. The samples were
successively annealed for 60 minutes.
interfacial exchange energy is Jeff = 0.24 mJ/m
2. With
the critical thickness tcrit = 10 nm the effective uniaxial
anisotropy at room temperature is Keff = 24 kJ/m
3. Both
of these values are smaller than the corresponding values
of the in-plane magnetized system of Ta / MnN / CoFe /
Ta from our previous report.27 In comparison to other pre-
viously reported out-of-plane systems, the interfacial ex-
change energy is at least twice as big as the measured val-
ues of Sort et al. and Chen et al. (Jeff ∼ 0.1 mJ/m2).15,18
Furthermore, the energy is as big as the highest reported
values of Liu et al. (Jeff = 0.25 mJ/m
2) and Zhang et al.
(Jeff = 0.21 mJ/m
2).17,19
Finally, the effective anisotropy fields were measured by
longitudinal MOKE with the magnetic field in the sample
plane. The symmetric component of the hysteresis loop
is normalized and can be expressed for Hani  Hdemag as
θnorm[0:1]sym (Hx) =
Hani√
H2ani +H
2
x
. (1)
This way, the anisotropy field can be determined by fitting
the normalized, symmetric component of the longitudinal
MOKE data. The corresponding MOKE setup geometry,
as well as exemplary MOKE data are shown in Figure
4. The results of the analysis are depicted in Figure 5
together with the values of dθnormk /dH|H=Heb . For all
thicknesses we observe the same trend: for annealing
temperatures up to around 250◦C, the anisotropy field
is around 1400 Oe. After annealing at temperatures be-
tween 325◦C and 375◦C, the anisotropy field reaches its
maximum value independent of the MnN thickness. The
absolute maximum is about 3400 Oe for tMnN = 40 nm
at 375◦C. For higher temperatures, the anisotropy field
decreases rapidly for all thicknesses. In comparison, the
anisotropy field for tMnN = 25 nm is much smaller than
for the other thicknesses, and also does not show a strong
variation with the annealing temperature. As already
mentioned, dθnormk /dH|H=Heb is directly proportional to
the anisotropy field for most thicknesses and annealing
temperatures.
In conclusion, we prepared Ta / MnN / CoFeB / MgO
stacks with giant perpendicular exchange bias up to
3600 Oe. The optimized thicknesses are tCoFeB = 0.65 nm
and tMnN ≥ 30 nm. Combining the annealing tempera-
ture dependence of the exchange bias and the anisotropy
field, we can sum up that in a range between 325◦C and
375◦C high anisotropy fields around 3000 Oe as well as
high exchange bias around 2500 Oe are achieved. This
makes MnN a promising candidate for integration into
perpendicular magnetic tunnel junctions or perpendicular
spin valves.
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